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(54) Method and apparatus for laminating stacks of polycarbonate films 



(57) A film welding apparatus is provided for solvent 
welding a first film to a second film. The apparatus has 
a movable backing surface adapted to support the first 



film, a pressing roller adapted to press the second film 
against the first film, and a solvent dispenser adapted 
to dispense a solvent between the first and second films. 
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Description 

BACKGROUND OF THE INVENTION 

1. Held of the invention s 

[0001] The invention relates to the field of film bond- 
ing. More particularly, the invention relates to the field 
of bonding a plurality of polycarbonate films to each oth- 
er. 10 

2. Background of the Related Art 

[0002] Alternative methods for bonding polycar- 
bonates to polycarbonates, or to other substrates, are is 
currently used in the photonics industry. A broad range 
of adhesive products, such as epoxies and silicones, 
have been developed for the optics industry. Urethanes 
are also used in the ballistic glass industry for bonding 
polycarbonate to glass. 20 

SUMMARY OF THE INVENTION 

[0003] An object of the invention is to solve at least 
the above problems and/or disadvantages and to pro- 25 
vide at least the advantages described hereinafter. 
[0004] According to the present invention, film stacks 
are fabricated using solvent welding techniques. An ex- 
ample of such a stack is a polycarbonate retarder stack. 
Solvents are disclosed which provide high peel strength, 30 
and effectively eliminate the optical interface between 
the substrates. The result is a monolithic structure that 
is free from internal reflections. 
[0005] It is an object of the invention to identify a class 
of solvents that provides adequate working time. Exem- 35 
plary solvents effectively weld the films together, provid- 
ing a monolithic structure, without significantly effecting 
the optical properties of the retarder. 
[0006] It is a further object of the invention to identify 
a fabrication process that uses inexpensive solvents in 40 
small quantity, is free of cleaning processes, is free of 
curing processes, and is free of extensive postprocess- 
ing such as autoclaving to remove bubbles (as required 
with pressure-sensitive adhesives). 
[0007] It is a further object of the invention to provide 
a process that yields a high optical level of performance. 
Multilayer solvent welded stacks have extremely low 
specular reflection and haze between substrates, max- 
imizing throughput and minimizing stray light. By con- 
trast, adhesives must have a refractive index that is well so 
matchedto the substrate in orderto attain an acceptable 
level of performance. 

[0008] The inventive process also provides stacks 
with low wavefront distortion. The lack of adhesive with 
significant optical thickness between layers helps insure ss 
that light passing through the stack has minimal distor- 
tion. Provided that the substrate is of sufficient quality, 
stacks with 1 0-20 layers are sufficiently flat and rigid that 



they can be used in a free-standing mode. 
[0009] It is a further object of the invention to produce 
retarder stacks with a high degree of durability. With 
polycarbonates only, rather than alternating layers of re- 
tarder and adhesive, the basic adhesive specifications, 
as well as issues of adhesive compatibility with the sub- 
strate, are non-issues. When an adhesive is used, con- 
cerns include adhesion, optical clarity (typically due to 
blue absorption), tendency to yellow with illumination, 
haze, refractive index, hardness (i.e. stress on film), en- 
vironmental properties, curing process, and viscosity. 
Requirements in each of these categories greatly dimin- 
ish the number of usable products, and in some cases 
no products satisfy specifications for the finished stack 
product. 

[0010] In the invention, the lack of a foreign material 
between substrates eliminates concerns regarding 
coadhesion, the difference in coefficient of thermal ex- 
pansion, and tendency for the adhesive to attack (craze 
or crack) the substrate. Surface treatments such as ad- 
hesion promoter or corona treatment to obtain adequate 
bond strength are also eliminated. 
[0011] It is a further object of the invention to provide 
a film stack having a first film and a second film solvent 
welded to the first film. 

[0012] An additional object of the invention is to pro- 
vide a film welding apparatus for solvent welding a first 
film to a second film. The apparatus has a movable 
backing surface adapted to support the first film, a 
pressing roller adapted to press the second film against 
the first film, and a solvent dispenser adapted to dis- 
pense a solvent between the first and second films. 
[0013] An additional object of the invention is to pro- 
vide a method of fabricating a film stack from a first film 
and a second film. The method includes supporting the 
first film, pressing the second film against the first film, 
and solvent welding the second film to the first film with 
a solvent. 

[0014] Additional advantages, objects, and features 
of the invention will be set forth in part in the description 
which follows and in part will become apparent to those 
having ordinary skill in the art upon examination of the 
following or may be learned from practice of the inven- 
tion. The objects and advantages of the invention may 
be realized and attained as particularly pointed out in 
the appended claims. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0015] The invention will be described in detail with 
reference to the following drawings in which like refer- 
ence numerals refer to like elements wherein: 

Figure 1 shows an example of a film stack according 
to a first embodiment of the invention; 
Figure 2 shows a second example of a film stack 
according to the first embodiment of the invention; 
Figure 3 shows an example of a film welding appa- 
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ratus and method according to a second embodi- 
ment of the invention; 

Figure 4 shows an example of a film welding appa- 
ratus and method according to a third embodiment 
of the invention; 

Figure 5 shows an example of a film welding appa- 
ratus and method according to a fourth embodiment 
of the invention; 

Figure 6 shows an example of a film welding appa- 
ratus and method according to a fifth embodiment 
of the invention; 

Figure 7 is a graph showing the measured output 
of a film stack assembled using pressure-sensitive 
adhesive; and 

Figure 8 is a graph showing the measured output 
of a film stack assembled using solvent welding ac- 
cording to an embodiment of the invention. 

DETAILED DESCRIPTION OF PREFERRED 
EMBODIMENTS 

[0016] Although the invention is applicable to film 
stacks in general, the invention will be described with 
reference to an example involving stacks of retarder 
films. 

[0017] There are several applications for retarder 
stacks, including but not limited to, achromatic com- 
pound retarders, achromatic rotators, LCD compensa- 
tion, color polarizers, passive color filters (RGB, CMY, 
color enhancement, and color balance), sequential 
color filters, stacked-panel reflective/transmissive dis- 
plays, and filtering, polarization control, polarization dis- 
persion compensation, and gain flattening in telecom- 
munication applications. One way to assemble retarder 
stacks is to use pressure-sensitive adhesives. In gener- 
al, however, pressure-sensitive adhesives do not repre- 
sent the least expensive method for assembling stacks. 
Furthermore, pressure-sensitive adhesives can intro- 
duce a number of problems that are not inherent to their 
essential function. 

[0018] Pressure-sensitive adhesives are generally 
acrylics with a refractive index of roughly 1 .44-1 .48. The 
polycarbonate retarder film usually has an index of 
1 .59-1 .60. As a result each additional film produces two 
interfaces with a power loss of approximately 0.4%. A 
stack containing 16 layers shows a pure reflection loss 
of 6.2%, and a sequential color filter with 46 films has a 
loss of 16.8%. These numbers may vary with wave- 
length depending upon the relative dispersion of the 
pressure-sensitive adhesive and the substrate. 
[0019] In addition to reflection, any inhomogeneaties 
in the pressure-sensitive adhesive contribute to haze 
that can significantly increase loss and depolarization. 
In the blue frequency range, the as-laminated film can 
have a scatter component that is comparable to the re- 
flection loss. Autoclaving is useful for removing bubbles, 
although there typically remains a significant haze con- 
tribution. Stray light from reflection/random scatter can 



degrade the performance of optical systems in a number 
of ways. First, any such losses impact the throughput of 
the system. In a reflection-mode system, distributed 
back-reflections can also reduce contrast/dynamic 

s range. In a stack with several layers, the forward leak- 
age from multiple reflections can actually become sig- 
nificant. In the event that approximately 1 0% (for exam- 
ple, 20 films @ Wo each) of combined first- reflection 
occurs, reflection forward of 10% of the 10% refracted 

10 back contributes a significant fraction of 1% to loss in 
transmitted contrast. 

[0020] Pressure-sensitive adhesive material intended 
for direct view applications, such as that from Nitto 
Denko, has environmental specifications that are less 

15 stringent than pressure-sensitive adhesive used in pro- 
jection systems. The former fails typical projection en- 
vironmental tests for humidity, and heat/humidity. As 
such, biaxial stretched film polycarbonate (NRZ) prod- 
uct used in projection must be supplied without adhe- 

20 sive, and a more durable adhesive must be applied. Cur- 
rently, pressure sensitive adhesives from very few ven- 
dors, such as Polatechno, appearto meet projection en- 
vironmental requirements. 

[0021] Another effect of pressure-sensitive adhesives 

25 is associated with the significant optical thickness of 
each adhesive layer. Nonuniformities in pressure-sen- 
sitive adhesive thickness can produce an accumulated 
loss in wavefront quality with the loss increasing with the 
number of layers. 

30 [0022] Optimum LCD compensation schemes call for 
continuous structures to provide high contrast at a low 
f-number. A fairly good approximation to such a struc- 
ture can be achieved using a small number of retarder 
films. However, with the availability of liquid crystal pol- 

35 ymer films, polycarbonate compensation schemes must 
become more sophisticated in order to attain a similar 
level of performance. As such, low loss, low cost, dura- 
ble methods for fabricating stacked retarder systems 
are necessary. Solvent bonding is an attractive method 

40 for laminating partial assemblies, which can be supplied 
to an equipment manufacturer (including a polarizer) 
with an external pressure-sensitive adhesive layer. 
[0023] In addition to compensation, there are a 
number of new display modes that use retarder films for 

^5 generating color. A reflection -mode stacked-panel dis- 
play can be fabricated by inserting retarder stacks on 
either side of LCD panels, each operating on one addi- 
tive primary band, such as the display described in U. 
S. Patent No. 5,990,996, which is hereby incorporated 

so by reference in its entirety. Reflections from each pres- 
sure-sensitive adhesive layer can significantly reduce 
the attainable contrast ratio. In contrast, the index 
matched stacking provided by solvent welding can 
greatly improve the attainable contrast ratio. 

55 [0024] In a sequential projection system, a liquid crys- 
tal based color switch, such as the switch described in 
U.S. Patent No. 5,990,996, which is hereby incorporat- 
ed by reference in its entirety, should provide perform- 
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ance comparable to that of a rotating filter wheel 
(>90%). Such a device can have upwards of 50 film lay- 
ers to achieve overall performance. Using pressure- 
sensitive adhesive, the filter cannot be competitive with 
the filter wheel. This neglects unavoidable losses from 
transparent conductors required to switch the LC cells. 
Thus, solvent welding is an enabling technology for pro- 
viding zero-reflection stacks economically. 
[0025] A film stack produced by solvent welding is 
shown in Figure 1 . The film stack 10 in this example in- 
cludes first film 20 solvent welded to second film 30. Al- 
though Figure 1 , and much of the discussion that fol- 
lows, involves a film stack having only two films, it should 
be recognized that film stacks having any practical 
number of films can be produced. For example, Figure 
2 shows a film stack 1 0' with five films, first film 20, sec- 
ond film 30, third film 31 , fourth film 32, and fifth film 33. 
[0026] While many solvents can be used to weld two 
films together, solvents that produce stress-curl free, 
haze free optical bonds (no cracking/crazing), high peel 
strength, no mottle/texture (both in retardation and 
wavefront distortion), and insignificant relaxation in re- 
tardation are preferred. Another desirable feature in a 
solvent is a low health hazard and no need for extensive 
infrastructure for storage and handling. A secondary is- 
sue among the solvents with desirable characteristics is 
the ability to easily drive excess solvent from the com- 
pleted laminate via a simple bake. 
[0027] Examples of parameters that can effect the re- 
sulting film stack are as follows: (1 ) solvent type and pu- 
rity, (2) solvent shot size, (3) solvent dilution type and 
concentration, (4) percentage/type of solids (doping of 
solvent), (5) lamination rate, (6) laminating roller pres- 
sure, (7) laminating roller diameter, and (8) laminating 
roller hardness. 

[0028] Examples of methods for producing solvent 
welded retarder film stacks include single and double 
roller systems. Examples of single roller systems are 
shown in Figures 3, 4 and 5. Figure 6 shows an example 
of a double roller system. In the single roller system, one 
roller pinches the film against a table that contains the 
film stack build-up. In the double roller system, one roller 
is driven and the second roller pinches the rollers to- 
gether using, for example, air cylinders. 
[0029] Using a double roller system, two-ply polycar- 
bonate lamination experiments with several solvents 
were performed using Nitto-Denko film. In some in- 
stances, solvents were discarded because there was no 
bond formed with zero dilution/solids. In other instances, 
severe damage to the optical properties occurred at the 
instant that the solvent came into contact with the film. 
Such solvents were still considered to be viable, provid- 
ed that dilution/solids could be added to increase work- 
ing time. In still other instances, undiluted solvent pro- 
duced adequate working time to obtain strong bonds 
with little relaxation in retardation. 
[0030] Several families of solvents were considered, 
including but not limited to aliphatic hydrocarbons, alco- 



hols, aromatic hydrocarbons, chlorinated fluorocar- 
bons, amines, ethers, esters, and ketones. Based on the 
above considerations, ketones and esters were consid- 
ered to be preferred. 

5 [0031] Longer-chain ketones, such as methyl-amyl- 
ketone (MAK) and methyl-isobutyl ketone (MiBK), show 
very little loss in retardation and relative insensitivity to 
lamination rate. Another solvent, MCL-9 (methyl-propyl- 
ketone, or MPK) Is relatively aggressive, with a more 

10 significant relaxation in retardation. Laminates with 
MPK also show the greatest mottle. Other solvents that 
produce strong bonds include acetone and methyl- 
ethyl-ketone (MEK). Both solvents are more aggressive 
and show rapid relaxation in retardation after exposure. 

is in addition, there is greater tendency to form nonuni- 
form ities than with the long-chain ketones. Peel strength 
was high for both of these solvents. Solvents from the 
ester family exhibit desirable characteristics. Ethyl ace- 
tate forms strong bonds but shows significant relaxation. 

20 [0032] Retarder stacks that separate color using po- 
larization, rather than thin-film interference, are de- 
scribed in U.S. Patent No. 5,751,384, which is hereby 
incorporated by reference in its entirety. Multiple poly- 
carbonate films (6-20) laminated together form units that 

25 are theoretically lossless and yield excellent chromatic 
properties. 

[0033] As an example, a 16-layer stack is fabricated 
using a custom single-roller solvent welding laminator 
similar to that shown in Figure 3. The solvent used is 

30 MAK (methyl-amyl-ketone). The retarder is a polycar- 
bonate film fabricated by Nitto Denko which is a wide 
view angle 884 nm (NR2) film. The retarder is supplied 
with a protective cling mask on either side of the poly- 
carbonate substrate. Each ply of the stack is approxi- 

35 mately 60 microns thick, with a nominal retardation of 
two full waves at 442 nm. The actual mean value has 
been measured at 440 nm, with a standard deviation of 
1 .5 nm. Lamination sized pieces are cut at the appropri- 
ate angles from either 35X40 cm die cut sheets or from 

40 a roll. The angles are generated using custom software 
based on signal processing algorithms. The stack de- 
sign that minimizes material waste (small angles paral- 
lel/perpendicular to stretching) is selected from the mul- 
tiple designs generated. 

45 [0034] Once lamination sized pieces are cut and sort- 
ed, they are cleaned to remove chaff either before or 
after cling sheet removal. Clean sheets are then input 
to the solvent welding apparatus. In this example, the 
dimensions of the laminate are 65 mm x 165 mm, and 

so a comer is cut on each sheet to avoid inverting the film. 
The shot size of solvent is approximately 0.0133 cc of 
MAK. The roller pressure is 30 psi, the roller diameter 
is 0.75", and the roller durometer is 55 Shore D. 
[0035] Figure 3 shows an example of a film welding 

55 apparatus 1 2 having a vertical translation of the welded 
stack. In the film welding apparatus 12, a movable back- 
ing surface 35 supports the first film 20 while a second 
film 30 is solvent welded to the first film 20. The first film 
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20 can be directly on the movable backing surface 35 
or on an upper film of a plurality of films. Movable back- 
ing surface 35, in this example a rigid plate, and the film 
20 (or plurality of films) reciprocates vertically while a 
pressing roller 50 remains stationary in the vertical di- 
rection and horizontally presses the second film 30 onto 
the first film 20. The second film 30 is delivered to the 
pressing roller 50 by a film delivery device 40. A solvent 
70 is deposited onto the first film 20 by a solvent dis- 
penser 80. As the movable backing surface 35 moves 
downward in Figure 3, the second film 30 is delivered to 
the pressing roller 50 by the film delivery device 40. Hor- 
izontal pressure is applied to the second film 30 by the 
roller positioner 60 through the pressing roller 50. The 
solvent 70 may be deposited onto the first film 20 at a 
contact point (or nip) 90 where the second film 30 is 
pressed against the first film 20, or at a position on the 
first film 20 away from the contact point 90. 
[0036] In a preferred embodiment, all of the solvent 
70 needed for welding of second film 30 is deposited in 
one shot onto first film 20 to form a solvent reservoir 85. 
The movement of movable backing surface 35 is then 
delayed a predetermined period of time and proceeds 
at a predetermined rate in order to allow the solvent 70 
the proper amount of time to react with first film 20. As 
discussed beiow, the proper delay and movement rate 
depend on how aggressively the solvent dissolves first 
film 20. 

[0037] In other embodiments, the solvent 70 is con- 
tinuously distributed as the movable backing surface 
moves. In these embodiments, the rate of movement of 
the movable backing surface and the distance from the 
contact point 90 that the solvent is deposited depends 
on how aggressively the solvent dissolves first film 20. 
[0038] In the example shown in Figure 3, an optically 
flat glass plate is used as the backing surface 35 for 
stack build-up. The glass plate is held in place by vac- 
uum to a one-dimensional DC servo motor translation 
stage 36. A roller mount 65 holds the pressing roller 50 
that is used to press the two films to be welded together. 
The roller mount 65 is mounted for horizontal translation 
so that the pressing roller 50 can be moved slightly away 
from the surface of the film held by the glass plate (or 
the glass plate itself if the first film is solvent welded to 
the glass plate). This slight horizontal displacement al- 
lows the solvent to spread uniformly across the nip after 
it is dispensed. 

[0039] Wavefront distortion of the stack is compro- 
mised when films reside between the glass plate and 
the first film. For instance, both a weak pressure-sensi- 
tive adhesive for holding the first film to the glass plate 
and leaving the cling sheet on the first ply can degrade 
wavefront quality. To solve these problems, the first film 
is solvent welded directly to the glass plate. Adhesion 
to the plate is sufficient to insure that no solvent wicks 
under the stack during subsequent lamination, yet the 
stack is easily removed after completion of the stack. 
When the fabrication of the stack is complete, the vac- 



uum to the glass plate is cut, the glass plate and stack 
are removed, and a new clean glass plate is inserted. 
The stack is easily delaminated from the glass plate and 
transported to an oven to bake out solvent. The used 
s glass plate can then be cleaned and reused. 

[0040] After the first film, the protective sheet is re- 
moved from one or both sides of a subsequent film. The 
motivation for leaving the cling mask on the back side 
of the subsequent film during welding is to protect it from 
10 abrasion or residual solvent on the pressing roller. How- 
ever, depending on the uniformity of the mask, and the 
quality with which it is applied, print through can occur 
onto the film during welding. For instance, an air bubble 
between the mask and the film can alterthe local solvent 
is distribution and/or pressure distribution. An image of the 
non-uniformity can be printed onto the film, which can 
be clearly visible either in reflection or as a hue variation 
in a polarizing light box. A preferred welder has a self- 
cleaning pressing roller and/or eliminates residual sol- 
vent that emerges from the top of the film stack. 
[0041] In the example shown in Figure 3, the film de- 
livery device 40 is mounted at roughly 45° from vertical, 
opposite the translation stage 36, to feed the film to be 
welded. During loading, a reference guide 43 is provided 
on the delivery device 40. A reference stop 45 is provid- 
ed directly below the glass plate. Ideally, the reference 
stop 45 location coincides with the axis of the pressing 
roller 50 at the start position, maximizing yield at the start 
of the weld by allowing the pressing roller 50 to press at 
the beginning of the sheet. When the welder is operated, 
vacuum turns on to hold the film and the guide 43 re- 
tracts. The pressing roller 50 then pinches the bottom 
of the film against the glass plate (backing surface 35). 
[0042] An arm holding a solvent dispenser (for exam- 
ple by EFD) positions a needle 75 at the center of the 
nip. An air cylinder pushes the needle 75 into the nip 
and a predetermined amount of solvent 70 is dispensed 
as a solvent reservoir 85 between the films (or the first 
film and the glass plate). After the solvent is dispensed, 
the vacuum to.the film delivery device 40 is turned off to 
allow the second film 30 to slide relative to the film de- 
livery device 40. The needle 75 is then removed prior to 
welding. After a predetermined delay in which the sol- 
vent 70 spreads across the nip, the translation stage 36 
moves downward, pulling the second film 30 across the 
pressing roller 50, which presses the film against the first 
film 20 held in position on the glass plate, resulting in 
the second film 30 being welded to the first film 20. The 
longer the delay, the greater the damage to the film ex- 
posed to the solvent reservoir 85. A guide 42 mounted 
200-500 microns above the film delivery device 40 holds 
the second film 30 down as the second film 30 travels 
around the pressing roller 50. The closer the guide 42 
is mounted to the nip, the later the second film 30 re- 
leases from the guide 42. If the second film 30 releases 
from the guide 42 too early at the end of the weld, there 
can be significant reduction in yield due to a non-uniform 
or incomplete weld. 
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[0043] At the conclusion of the welding, the pressing 
roller 50 retracts and the roller mount 65 moves away 
from the stack. When the translation stage 36 has re- 
turned to the start position, the load cycle begins again. 
Cycle time to complete one welding, in this example, is 
under 30 seconds. 

[0044] After completing the 1 6 layer stack, the glass 
plate is removed from the welding apparatus, and the 
stack is pealed from the glass plate. The stack is then 
baked for one hour at 50*C to drive off any residual sol- 
vent. The stack is then tested for optical quality. This 
testing could include, for example, throughput, half- 
power points, and optical density of the stop band for 
each of the complementary spectra. 
[0045] Another embodiment of the invention is a pre- 
ferred high volume welding apparatus capable of a high 
degree of solvent control with almost unlimited welding 
length/width. An example of such an apparatus is shown 
in Figure 4. It may be desirable to operate the welder 
horizontally, rather than vertically. In principle, many of 
the front-end film manipulations can be combined into 
a single tool. From a practical standpoint, it may be cost 
beneficial to separate tasks and to use various combi- 
nations of manual and automated operations. In any 
case, one portion of the process includes a tool that rap- 
idly combines retarder films to form a multilayer stack 
using solvent welding. The tool may simply rotate rec- 
tangular sheets to the appropriate angle for lamination, 
or it may accept rectangular sheets already cut to the 
proper angle. The former is simplest, since material can 
be fed directly from a roll. However, the yield is effec- 
tively the area in which all of the sheets overlap, which 
can be relatively low. 

[0046] With the input sheets cut, pre-sorted, cling 
sheet(s) removed, and pre-cieaned, the high volume 
welder function is to repetitively weld material along one 
axis. In the event that a cling sheet remains on the roller 
side during welding, automated cling sheet removal can 
also be incorporated. At the conclusion of stack fabrica- 
tion, the substitution of a new lamination plate can also 
be automated to minimize down-time. Sheet feeding to 
the welder can be completely automated. With the 
pressing roller 50 retracted, the bending guide 42 sub- 
stantially bends the sheet at the bottom. This allows the 
sheet to be easily pinched to the multi-ply when the 
pressing roller 50 travels downward. With the pressing 
roller 50 down, the movable backing surface (mounted 
to a translation stage) 35 begins to move. A continuous 
solvent dispenser 80', possibly, for example, based on 
ink-jet printer head technology, a solvent wick, a fine 
mist spray, or a roll on applicator, allows the length/width 
of the laminate to be relatively large. The dispenser 80' 
should be physically close enough to the pressing roller 
50 to account for any limitations in working time imposed 
by solvent damage. This may affect the physical dimen- 
sions of the dispense head. Once the lamination is com- 
plete, the pressing roller 50 retracts, the stage returns 
to the start position, and a new sheet is fed to the welder. 



[0047] Figure 5 shows an example of another welding 
apparatus of the invention. In Figure 5, welding appara- 
tus 14 supplies the second film 30 in a substantially hor- 
izontal direction from supply roll 1 00 through supply roll- 
5 ers 110. Supply rollers 110 can provide proper tension 
to the second film 30. Although Figure 5 shows a supply 
roll 100, pre-cut sheets of second film 30 could also be 
used with the apparatus shown in Figure 5. The solvent 
70 is applied to first film 20 by solvent dispenser 80". 
10 [0048] Figure 6 shows a double roller welding appa- 
ratus 16. In the double roller welding apparatus 16, the 
backing surface 35 used in the embodiment shown in 
Figures 3, 4 and 5 is replaced by a backing roller 37. It 
is preferable that the backing roller 37 is a driven roller 
'5 that moves the first film 20 horizontally while the press- 
ing roller 50 applies pressure to the second film 30, 
pressing it against the first film 20. The solvent 70 is ap- 
plied to the first film 20 by the solvent dispenser 80'". 
While Figure 6 shows pressing roller 50 and backing roll- 
er 37 positioned such that the film stack moves horizon- 
tally, it should be recognized that roller 50 and backing 
roller 37 could be positioned so that thefilm stack moves 
vertically, as in Figure 3. 

[0049] Figure 7 shows measured output of a 1 6 layer 
stack assembled using pressure-sensitive adhesives. 
Figure 8 shows measured output of the same 16 layer 
stack, but assembled using solvent welding according 
to the invention. Comparing Figures 7 and 8 shows an 
example of the increased transmission achieved by sol- 
vent welding. 

[0050] In the welding apparatus described above, the 
solvent in the solvent reservoir can produce a small shift 
in retardance change along the length of the weld. In 
principle, controlling the speed profile during lamination 
can compensate for this effect (i.e. greater lamination 
rate at the beginning). 

[0051] The small but controlled relaxation in retarda- 
tion from the welding process gives some control in 
product tolerance. In the event that the tolerance in 
mean value for retardation of a given film is excessive, 
slight adjustments in welding process can be used to 
adjust the welded retardation value. Such a method can 
be valuable for providing tight specifications on half- 
power points of a color polarizer. 
[0052] Another method for making small adjustments 
in retardation is to apply a slight in-plane stress to the 
film during the lamination, thereby freezing in a new re- 
tardation value. Such a method is well suited to solvent 
welding, where the bond is formed instantaneously 
while the films are under tension. Note that in such a 
process, it is preferable that the stretch direction is sim- 
ilar to the lamination direction. 
[0053] Various factors effect the ultimate yield from 
the welding process. Incoming retarder sheets must first 
be inspected for retardation value and uniformity. In- 
spection for defects/inclusions must occur afterthe cling 
sheets are removed. Retarder stacks are fabricated 
from either die cut sheets or rolls. The latter is preferable 
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for yield as the material is limited in only one dimension. 
Typically, the final parts are rectangular, and the stack 
has a preferred orientation in a system with respect to 
the edge. This usually precludes selection of an arbitrary 
bias angle when cutting the sheets to maximize yield, s 
With this constraint, the first step in maximizing yield is 
to select a design with small angles clustered parallel to 
an edge. In many cases, signal processing design soft- 
ware generates multiple designs with the same impulse 
response. These are sorted according to geometrical 
yield. Geometrical yield refers to the fundamental loss 
that occurs when a lamination strip is cut at an angle 
with respect to the cross-web direction. 
[0054] Depending upon the welding process being 
used, film cutting can be accomplished using a die cut- 
ter, a flat-bed plotter cutter, rotary cutters, or slitting 
knives. The first of these has dedicated tooling, where 
the second can be easily programmed for new designs. 
The flat-bed cutter can cut lamination sized pieces di- 
rectly, perform more sophisticated cutting (alignment 
cuts, leaders), and label sheets. The rotary cutter pro- 
duces rectangular sheets from sequential cuts. Strips 
are first cut at appropriate angle, followed by 90° cuts 
as required. Slitting is preferable for cuts that are sub- 
stantially down-web. 

[0055] Assume initially that strips of width w are cut 
cross-web from a roll of width S at an angle 0 to the 
cross-web direction. The yield associated with geomet- 
rical loss is given by 

V=1 -~^sin2e 

which calls for a wide web, narrow lamination strips and 
small angles. As the angle increases, the usable length 
of the strip increases, but the leader required also 
grows. The yield for small angles about the cross-web 
direction is approximately the same as for small angles 
about the down-web direction. 
[0056] After cutting strips, the minimum lamination 
length is given by 

/= sJww/S) 2 

which occurs when the diagonal of the strip is parallel 
to the cross-web direction at 

6 = cos' 1 Jl-(wJS) 2 

[0057] If this is selected as the lamination length, then 
a loss occurs for all other sheets in the stack that are 
not cut at this angle. This loss can be significant if the 
design calls for several films at large angles. However, 
lamination length loss is zero for all angles in which the 
length of the strip is an integer multiple of the lamination 
length. 



[0058] Another potential source of loss is associated 
with the welding step. Damage at the beginning of the 
weld can occur from the static solvent reservoir and 
damage at the end of the weld occurs if the film releases 
too early from the guide. Even small damage along the 
edges can occur from excess solvent that remains after 
each weld. 

[0059] Another geometrical loss is due to the transi- 
tion between films. This loss is inversely proportional to 
the number of films cut at each angle, and is therefore 
relatively small. In addition, the design can be sorted for 
cutting to further reduce transition loss. For instance, a 
retarder stack design with angles 6.5°, -1 .5°, 5.4°, 5.8°, 
-7.8°, 20.0°, -12.0°, 10.5°, has minimum loss when the 
films are laid out for cutting in a fan arrangement, 1 .5°, 
S^.S.S^.B.S 0 ^^ 0 , 10.5°, 12.0°, 20.0°. Because there 
are no pressure-sensitive adhesives pre-applied to the 
polycarbonate, the films can be flipped, so only one sign 
of angle need be cut. The transition loss in passing from 
one film to the next is given by 

L= 1^ sin(6 1 - e 2 ) 
2 cosOt cos9 2 

[0060] If roughly 1 00 lamination strips are cut at each 
angle, the design is selected carefully, and the cutting 
sequence is laid out as above, then this loss is very 
small. 

[0061] The remaining loss is associated with final part 
die cutting. The lamination width is presumed selected 
to yield an integer number of parts with minimal die cut- 
ting loss. Die cut parts are then inspected for defects, 
representing another loss. An alternative to a die cutter 
is a guillotine cutter, where rectangular pieces are 
formed from a sequence of one-dimensional cuts. De- 
fects are associated with debris that is trapped between 
films during lamination and possibly solvent spatter. 
[0062] Additional steps that can impact yield include 
packaging (mounting to glass) or antireflection coating 
the polymer. Low temperature processes such as dip 
coating can produce high quality antireflection coatings, 
allowing stacks of sufficient rigidity to be used in a free- 
standing mode. 

[0063] Mounting to glass (ideally) requires an adhe- 
sive with a refractive index substantially intermediate 
between the glass and polycarbonate substrates, with 
no absorption or haze. The adhesive must have good 
adhesion to both substrates (possibly with adhesion 
promoter). The adhesive must be low stress (such as 
an elastomer) and the process must be such that the 
stack is not ultimately under stress. The bond must also 
be sufficiently thick that the adhesive takes up any 
stress induced due to the different coefficients of ther- 
mal expansion of the substrates. Differential stress can 
be eliminated by forming a sandwich of AR-Glass/Ad- 
hesive/PC stack/Adhesive/AR-Glass. 
[0064] The foregoing embodiments and advantages 
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are merely exemplary and are not to be construed as 
limiting the present Invention. The present teaching can 
be readily applied to other types of apparatuses. The 
description of the present invention is intended to be il- 
lustrative, and not to limit the scope of the claims. Many 
alternatives, modifications, and variations will be appar- 
ent to those skilled in the art. For example, although the 
invention has been described in the context of solvent 
welding polycarbonate retarder stacks, the invention 
can be used to solvent weld any type of polycarbonate 
film, particularly polycarbonate films that are to be used 
in optical applications. Further, the invention can be 
used to solvent weld other types of films using solvents 
appropriate for the particular type of films being welded. 
In the claims, means-plus-function clauses are intended 
to cover the structures described herein as performing 
the recited function and not only structural equivalents 
but also equivalent structures. 



Claims 



butyl-ketone. 

7. A film welding apparatus for solvent welding a first 
film to a second film, the apparatus comprising: 

5 

a backing surface adapted to support the first 
film; 

a pressing roller adapted to press the second 
film against the first film; and 
10 a solvent dispenser adapted to dispense a sot- 

vent between the first and 
second films, 

wherein the backing surface and the pressing 
roller are moveable relative to one another. 

15 

8. An apparatus as claimed in claim 7, wherein the sol- 
vent dispenser is adapted to dispense the solvent 
adjacent a contact point between the first and sec- 
ond films, the contact point being where the press- 

20 jng roller presses the second film against the first 
film. 



1 . A film stack, comprising: 

a first film; and 

a second film solvent welded to the first film. 

2. A film stack as claimed in claim 1 , wherein the first 
film is either a semitransparent film, a polycar- 
bonate film, or an optical film. 

3. A film stack as claimed in claim 2, wherein the first 
film is a retarder film, for example wherein the first 
and second films are polycarbonate retarder films. 

4. A film stack as claimed In claim 2, wherein the first 
film, the second film, and the film stack have an op- 
tical property, 

the optical property of the first film has a first 
pre-welding value prior to welding, 
the optical property of the second film has a 
second pre-welding value prior to welding, 
the optical property of the film stack has a post- 
welding value after welding, and 
the post-welding value is substantially equal to 
the sum of the first pre-welding value and the 
second pre-welding value. 

5. A film stack as claimed in claim 4, wherein the op- 
tical property is either retardance, low wavefront 
distortion, or optical efficiency. 

6. A film stack as claimed in any preceding claim, 
wherein the first film is solvent welded to the second 
film with either a ketone or an ester, for example, 
wherein the first film is solvent welded to the second 
film with either methyl-amyl-ketone or methyl-iso- 



9. An apparatus as claimed in claim 7 or claim 8, 
wherein the backing surface of a plate, for example 

25 wherein: (a) the plate is adapted to securely hold 
the first film, optionally wherein the plate is adapted 
to securely hold the first film being removably sol- 
vent welded to the plate; (b) the solvent dispenser 
is adapted to dispense the solvent adjacent a con- 

30 tact point between the first and second films, the 
contact point being where the pressing roller press- 
es the second film against the first film; (c) the sol- 
vent dispenser is adapted to dispense the solvent 
in a single shot and relative movement of the back- 

35 ing surface and the pressing roller is delayed a pre- 
determined time after the solvent is dispensed; (d) 
the solvent dispenser is adapted to continuously 
dispense the solvent during welding; (e) a speed of 
the relative movement of the backing surface and 

40 the pressing roller is variable and controlled, option- 
ally wherein the speed of the relative movement is 
controlled in order to compensate for a variation in 
an application rate of the solvent; or (f) the appara- 
tus further comprises a tensioner that applies ten- 

45 sion to the second film during the solvent welding 
to the first film. 

10. An apparatus as claimed in any of claims 7 to 9 ; 
wherein the backing surface moves horizontally 

so during welding; and/or wherein a speed of move- 
ment of the backing surface is variable and control- 
led, for example wherein the speed of movement of 
the backing surface is controlled in order to com- 
pensate for a variation in an application rate of the 

55 solvent; and/or further comprising a tensioner that 
applies tension to the second film during the solvent 
welding to the first film; and/or wherein the second 
film is fed to the pressing roller substantially hori- 
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zontally. 

11. An apparatus as claimed in claim 7, wherein the 
backing surface is a surface of a backing roller, op- 
tionally wherein a speed of the relative movement 
of the backing surface and the pressing roller is var- 
iable and controlled, for example wherein the speed 
of the relative movement is controlled in order to 
compensate for a variation in an application rate of 
the solvent; and/or further comprising a tensioner 
that applies tension to the second film during the 
solvent welding to the first film; and/or wherein the 
solvent dispenser is either (i) adapted to dispense 
the solvent adjacent a contact point between the 
first and second films, the contact point being where 
the pressing roller presses the second film against 
the first film; (ii) adapted to dispense the solvent in 
a single shot and the relative movement of the back- 
ing surface and the pressing roller is delayed a pre- 
determined time after the solvent is dispensed; or 
(iii) adapted to continuously dispense the solvent 
during welding. 

12. A method of fabricating a film stack from a first film 
and a second fitm, the method comprising: 

supporting the first film; 

pressing the second film against the first film; 

and 

solvent welding the second film to the first film 
with a solvent. 

13. A method as claimed in claim 12, wherein the sol- 
vent is dispensed adjacent a contact point between 
the first and second films, the contact point being 
where the second film is pressed against the first 
film. 

14. A method as claimed in either claim 1 2 or claim 1 3, 
wherein the first film is supported by a surface of a 
plate, optionally wherein (a) the first film is securely 
held by the plate, for example wherein the first film 
is securely held by being removably solvent welded 
to the plate; (b) the solvent is dispensed on the first 
film in a single shot and the plate is moveable during 
welding and such that movement of the plate is de- 
layed a predetermined time after the solvent is dis- 
pensed; or (c) the solvent is continuously dispensed 
during welding. 

15. A method as claimed in any of claims 12 to 14, 
wherein the second film is pressed against the first 
film by a pressing roller. 

16. A method as claimed in claim 15 wherein the first 
film and the pressing roller move horizontally rela- 
tive to one another during welding, for example 
wherein (a) the solvent is dispensed adjacent a con- 



tact point between the first and second films, the 
contact point being where the second film is 
pressed against the first film; (b) a speed of the rel- 
ative movement during solvent welding is variable 

s and controlled, preferably wherein the speed of the 
relative movement during solvent welding is con- 
trolled in order to compensate for a variation in an 
application rate of the solvent; or (c) the method fur- 
ther comprises applying tension to the second film 

10 during the solvent welding to the first film. 

17. A method as claimed in claim 15 wherein the first 
film moves vertically relative to the pressing roller 
during welding, for example wherein the solvent is 

15 dispensed adjacent a contact point between the first 
and second films, the contact point being wherein 
the second film is pressed against the first film; and/ 
orwhereinaspeed of movement of the first film rel- 
ative to the pressing roller during solvent welding is 

20 variable and controlled, optionally wherein the 
speed of movement of the first film relative to the 
pressing roller during solvent welding is controlled 
in order to compensate for a variation in an applica- 
tion rate of the solvent; and/or further comprising 

25 applying tension to the second film during the sol- 
vent welding to the first film. 

1 8. A method as claimed in claim 1 2, further comprising 
applying tension to the second film during the sol- 

30 vent welding to the first film. 

19. A method of claim 18 wherein the first film is sup- 
ported by a surface of a backing roller, for example 
wherein (a) the second film is pressed against the 

35 first film by a pressing roller; (b) the solvent is dis- 
pensed adjacent a contact point between the first 
and second films, the contact point being where the 
second film is pressed against the first film; (c) the 
solvent is dispensed on the first film in a single shot 

40 and the surface of the backing roller is moveable 
such that movement of the surface of the backing 
roller is delayed a predetermined time after the sol- 
vent is dispensed; (d) the solvent is continuously 
dispensed during welding; (e) speed of movement 

45 of the first film during solvent welding is variable and 
controlled, optionally wherein the speed of move- 
ment of the first film during solvent welding is con- 
trolled in order to compensate for a variation in an 
application rate of the solvent; or (f) further compris- 

50 ing applying tension to the second film during the 
solvent welding to the first film. 

20. A method as claimed in claim 19, wherein the sec- 
ond film is fed to the pressing roller as a sheet, for 

55 example wherein the second film is a retarder film 
and film waste is reduced by selecting a stack de- 
sign which minimises an offset angle between a de- 
sired welding direction and an edge of the sheet; 
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and/or wherein the second film is fed to the roller 
from a roll of film having an axis, for example where- 
in the second film is retarder film and film waste is 
reduced by selecting a stack design which minimis- 
es an offset angle between a desired welding direc- s 
tion and a direction perpendicular to the axis of the 
roll of film. 
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